Unilateral ablation of cerebral cortical areas 4 and 6 of Brodmann in the macaque monkey results in a contralateral hemiplegia that resolves partially with time. During the phase of dense hemiplegia, local cerebral metabolic rate for glucose (ICMRGlc) is decreased significantly in most of the thalamic nuclei ipsilateral to the ablation, and there are slight contralateral decreases. The ICMRGlc is reduced bilaterally in most of the brainstem nuclei and bilaterally in the deep cerebellar nuclei, but only in the contralateral cerebelIar cortex. During the phase of partial motor recovery, ICMRGlc is incompletely restored in many of the thalamic nuclei ipsilateral to the ablation and completely restored in the contralateral nuclei. In the brainstem and deep cerebellar nuclei, poor to moderate recovery occurs bilaterally. Moderate recovery occurs in the contralateral cerebellar cortex. The findings demonstrate that a unilateral cerebral cortical lesion strongly affects ICMRGlc in the thalamus ipsilaterally and in the cerebellar cortex contralaterally, but in the brainstem bilaterally. Partial recovery of ICMRGlc accompanies the progressive motor recovery. The structures affected include those with direct, and also those with indirect, connections to the areas ablated. In addition to the ipsilateral cerebral cortex, other structures may be involved in the recovery process, including the contralateral cerebral cortex, subcortical nuclei projecting to the basal ganglia, and brainstem structures involved in motor control. The thalamus and the reticular nuclei of the brainstem are closely connected with motor system activities. The precentral cortex has substantial, and often reciprocal, connections with the thalamus, which, in turn, affects other cerebral cortical areas and the basal ganglia. Likewise, cerebral cortical projections to brainstem nuclei provide pathways that may be altered during the recovery process. Thus, the functional and metabolic responses of thalamic and brainstem nuclei to a precentral lesion are likely to be relevant to the processes underlying functional recovery. Finally, the cerebellum must be considered in the interpretation of the effects of ablation of the precentral cortical region. The cerebellum is closely connected with many structures influenced by precentral lesions, including the pontine nuclei, red nucleus, inferior olive, and other brainstem nuclei. The cerebellum provides feedback information to the cerebrum by way of the thalamus.
In the monkey, unilateral ablation of cerebral cortical areas 4 and 6 of Brodmann leads to immediate pvalysis of the contralateral limbs. With time some recovery of limb function occurs. The mechanisms underlying the partial recovery of limb function have not been determined. Local cerebral metabolic rate for glucose (1CMRGlc) is reduced in the ipsilateral basal ganglia immediately after the ablation [l}. During recovery, lCMRGlc is partially restored in the basal ganglia 12). The partial restoration of metabolic activity is thought to result from recovery processes derived from unablated areas of the ipsilateral cerebral cortex known to project to the same regions of the basal ganglia as those ablated 12J.
In addition to the ipsilateral cerebral cortex, other structures may be involved in the recovery process, including the contralateral cerebral cortex, subcortical nuclei projecting to the basal ganglia, and brainstem structures involved in motor control. The thalamus and the reticular nuclei of the brainstem are closely connected with motor system activities. The precentral cortex has substantial, and often reciprocal, connections with the thalamus, which, in turn, affects other cerebral cortical areas and the basal ganglia. Likewise, cerebral cortical projections to brainstem nuclei provide pathways that may be altered during the recovery process. Thus, the functional and metabolic responses of thalamic and brainstem nuclei to a precentral lesion are likely to be relevant to the processes underlying functional recovery. Finally, the cerebellum must be considered in the interpretation of the effects of ablation of the precentral cortical region. The cerebellum is closely connected with many structures influenced by precentral lesions, including the pontine nuclei, red nucleus, inferior olive, and other brainstem nuclei. The cerebellum provides feedback information to the cerebrum by way of the thalamus.
In the present study we have used the deoxyglucose method to examine changes in lCMRGlc of the major nuclei of the thalamus, brainstern, and cerebellum in the first week after unilateral ablation of areas 4 and 6 of Brodmann and the degree of recovery by the eighth week after the ablation. This communication extends our earlier studies, which were restricted to the basal ganglia [l, 2).
Methods
Eighteen Macaca fasczcdaris monkeys weighing 2.5 to 3.5 kg were used. Six served as unoperated controls and 12 were used for unilateral ablation of cerebral cortical areas 4 and 6 of Brodmann. Prior to use, all animals were examined neurologically to ensure that they did not have any motor impairment. The ablation was performed in the left cerebral hemisphere as described previously [I, 31. Beginning 1 week after the operation, the animals were examined neurologically every week until the deoxyglucose phase of the experiment [3). Six animals were studied at 1 week after the ablation and 6 were studied at 8 weeks.
The deoxyglucose techniques were identical to those described previously ll}. For the deoxyglucose phase of the experiment, catheters were placed in the femoral vein and artery of the right leg under local anesthesia with xylocaine. The animals were kept in a quiet room for 1 hour, restrained in a primate chair so that the limbs could not move. Careful observation revealed no greater movement of the limbs on either side of the body during the incorporation of deoxyglucose. Moreover, we found no significant differences in the metabolic rates in the cuneate nuclei of the two sides [I), suggesting that differences in limb movement do not account for the differences in metabolic rates observed in the thalamus. No attempt was made to interfere with vision or hearing. Deoxyglucose was administered as an intravenous bolus of 100 p,Ci/kg of {'4C]-2-deoxyglucose in 1 ml of saline as described previously [I, 2, 4 , 57. The brains were sectioned at 20 p,m on a cryostat. Three serial sections were taken every 400 p,m throughout the brain for autoradiography. The sections were placed on coverslips and dried rapidly on a hot plate. The sections and calibrated '*C plastic standards were placed on Kodak SB5 x-ray film in a cassette and exposed for 6 days. Two 20+m serial sections adjacent to those used for autoradiography were processed for histological study [I}. One slide was stained with cresyl violet {6] and the other with 0.3% osmium tetroxide.
The autoradiographs were analyzed with a spot densitometer interfaced to a microcomputer that was programmed to convert film density values to ICMRGlc using 14C standards and plasma glucose and deoxyglucose curves [l, 4, 7). The lumped and rate constants were those used by Kennedy and colleagues 18). The ICMRGlc was determined for each structure every 400 pm throughout the brain. At each level the measurement consisted of the average of multiple readings from three serial sections at that level. Each structure was measured separately, both ipsilateral and contralateral to the lesion. The final data values used in the analysis consisted of the average from all levels for a particular structure for each animal. The boundaries of thalamic and brainstem structures that were not clearly delineated by surrounding white matter were determined by histological examination of the Nisslstained sections adjacent to the sections used for autoradiography. The boundaries were drawn on the histological slides and the drawings were transferred to acetate overlays that were used as references for measurements made from the autoradiographs. The data from the basal ganglia of these same animals have been reported previously [I, 21. A Wilcoxon signed ranks test was used to evaluate differences in ICMRGlc between the left and the right hemispheres for each structure within each group 191. A variant of the Kruskal-Wallis one-way layout, which allows multiple comparisons between all groups [lo}, was applied to the data for each structure in the left hemisphere and the right hemisphere, and to the left-minus-right difference scores for each structure.
Results

Clinical Observations
The clinical observations of these animals were reported in detail in previous publications [l, 2) . Upon recovery from anesthesia, all lesioned animals displayed a dense right hemiplegia that persisted through the first week. The affected limbs were not used for ambulation or feeding. Beyond the first week, the animals' ability to use the affected limbs improved progressively. The resistance to passive movement of these limbs increased gradually, and the amplitude of the deep tendon reflexes in the right limbs increased with time, exceeding that in the left limbs in the sixth to seventh week. By the eighth week, the right leg was used for ambulatory movements, with the right arm occasionally participating. The animals usually reached for objects with the left arm, although the right arm occasionally made accompanying incomplete extension movements. Orienting responses to light cutaneous contact did not recover in the right limbs. The degree of clinical recovery was similar in all animals allowed to survive for 8 weeks.
Histological Results
The cresyl violet-stained sections were strikingly different between the animals examined at 1 week and those examined at 8 weeks. The main difference was in the degree of inflammatory infiltrate within individual thalamic and brainstem structures. Neuronal loss was evident only in the 8-week animals.
In the 1-week animals there were slight mononuclear cell infiltrates ipsilateral to the lesion in the subcortical white matter, internal capsule, crus cerebri, pontine white matter, and medullary pyramid. There was also an increase in the number of cells with chromatin-pale nuclei and abundant, chromatophilic cytoplasm, presumably reactive astrocytes. A slight mononuclear cell infiltrate without detectable astrocytosis was also present in many thalamic and brainstem structures that receive projections from areas 4 and 6 of Brodmann. The infiltrate was present in the ipsilateral ventral anterior (VA) and ventral lateral (VLA) thalamic nuclei (Fig 1) and bilaterally in the centrum medianum (CM) nucleus. N o infiltrate was seen in the anterior, dorsal, lateral, or midline nuclei or those por- tions of the ventral posterior (VP) nuclei that project to the postcentral cortex. There were lesser infiltrates in the ipsilateral subthalamic nucleus and in the parvicellular portion of the red nucleus. No infiltrates were seen in the substantia nigra, reticular formation, or cerebellum. No infiltrate was seen in the pontine nuclei or inferior olive.
In the 8-week animals the mononuclear infiltrate was much more prominent in all the areas where it had been detected at 1 week. Astrocytosis was more prominent in the white matter, and there was obvious atrophy of the ipsilateral medullary pyramid. No new areas containing infiltrate could be detected. In all but I animal there was neuronal loss in the portion of ventral thalamus containing neurons that project specifically to area 4 of Brodmann. There was apparent neuronophagia in this region as well (see Fig 1) . There was no difference in the location of the cortical ablation site in the 1 animal without detectable neuronal loss.
ICMRGlc in Thalamus
In most of the thalamic nuclei of the left hemisphere, which was ipsilateral to the ablation, ICMRGlc was moderately to substantially reduced 1 week after the ablation (Fig 2) . In the thalamus of the right hemisphere, lCMRGlc was only slightly reduced (Fig 3) . At showing a slight rebound above control levels (see Fig  2) . In the right hemisphere most of the structures showed ICMRGlc slightly above control levels (see Fig  3) .
Comparisons were made of the differences in ICMRGlc between the left and right sides. In the 1-week group, lCMRGlc was significantly less in the major thalamic nuclei of the left hemisphere compared with the right except for the medial and lateral geniculate nuclei and the anterior thalamic nuclei ( see also Fig 3) . In the 8-week group, lCMRGlc was significantly lower in the left than in the right hemisphere in all structures affected at 1 week except for the pulvinar. In addition, the differences between the left and right sides were significant for the anterior nuclei (see Table 1 , Fig 3) .
Comparison of animals 1 week after ablation with control animals showed that the significant left-right differences were attributable to a reduction of lCMRGlc in the left hemisphere. The data also suggested a small reduction in lCMRGlc in some of the structures in the right hemisphere (see Fig 3) . At 8 weeks, lCMRGlc was moderately to completely recovered in the left hemisphere, and a few structures developed metabolic rates above control levels. In the thalamic nuclei of the right hemisphere, lCMRGlc was at or slightly above control levels (see Table 1 , Fig 3) .
Analysis of between-group differences for thalamic nuclei of the left hemisphere revealed that only the lateral posterior (LP) nucleus had a significant effect. The right hemisphere showed no significant betweengroup differences. A between-group analysis of the left-right difference scores exposed a complex pattern of significant pairwise comparisons ( Table 2 , Thalamus). This analysis examined the change in the relationship between the two hemispheres across groups.
In medial dorsal (MD), LP, VLA, and VP nuclei the left-right difference scores were significantly different between control and 1-week groups, and between control and 8-week groups (see Table 2 , Thalamus). In these structures lCMRGlc showed evidence of recovery in the left hemisphere (see Table 1 , Fig 3) , but lCMRGlc also increased in the right hemisphere, and this tended to maintain the left-right asymmetry. In the case of CM and pulvinar nuclei, only the control versus 1-week comparison was significant. At 8 weeks substantial recovery occurred in the left hemisphere and only a moderate elevation was seen in the right hemisphere. The anterior ventral and medial (AVM) nucleus represents a special case in that the asymmetry was significant only at 8 weeks (see Tables 1 and 2 , Fig  3) , and control versus 8 weeks was the only significant between-group comparison. AVM = anterior ventral and medial nucleus; CM = centrum medianum nucleus; GL = lateral geniculate nucleus; GM = medial geniculate nucleus; LD = lateral dorsal nucleus; LP = lateral posterior nucleus; MD = medid dorsal nucleus; PUL = pulvinar; VA = ventral anterior nucleus; VLA = ventral lateral nucleus; VP = ventral posterior nucleus; C = unoperated control; 1 = animal examined at 1 week; 8 = animal examined at 8 weeks.
LCMRGlc in Brainstem and Cerebellum
The lCMRGlc was moderately to substantially reduced bilaterally in brainstem and cerebellar nuclei at 1 week after the ablation (Fig 4) . At 8 weeks, recovery of lCMRGlc was minimal in most of the affected nuclei of both sides (see Fig 4) .
The effects of unilateral precentral cortical ablation on lCMRGIc in the brainstem nuclei appeared to be essentially the same on each side. The only significant left-right differences were in the mesencephahc reticular formation, the pontine nuclei, and the inferior olive (Table 3 ; see also Fig 4) , and the only significant between-group comparisons obtained were for the mesencephalic reticular formation and the pontine nuclei ( Table 2 ). In the remaining structures, the data demonstrated bilateral reduction of lCMRGlc at 1 week, with marginal to moderate recovery bilaterally at 8 weeks. The ICMRGlc in the vestibular nuclei might be elevated at both 1 and 8 weeks.
The deep cerebellar nuclei showed no significant left-right or between-group differences. The data did suggest a moderate bilateral reduction for all the cerebellar nuclei at 1 week, and this reduction appeared to be maintained at 8 weeks (see Table 3 , Fig 4) . The flocculus showed a significant left-right difference at 1 week, with lCMRGlc in the right hemisphere less than in the left. At 8 weeks there was no significant leftright difference, and both sides were above control levels (see Table 3 , Fig 4) . The remainder of the cerebellar cortex was not analyzed quantitatively, but consistent alterations in the patterns of activity were seen in 1-week animals and a different pattern was seen in Tables 1 and 3. 8-week animals (Fig 5) . At LP, and pulvinar nuclei and the AVM complex, all of which have relatively minor corticothalamic or thalamocortical relations with cerebral cortical areas 4 and 6 of Brodmann. At 1 week, these structures had metabolic rates that ranged from 65 to 89%~ of control values. The LD nucleus may receive a sparse projection from agranular cortex [12) , but its main relationship is with the cingulate gyrus 1191. The AVM complex, like the LD nucleus, is associated primarily with the cingulate gyrus. Its main subcortical input is via the fornix and the mammilothalamic tract; however, a small projection from area 6 has been reported 1121.
The fact that these structures were minimally affected at 1 week probably reflects the sparse corticothalamic projections from areas 4 and 6 and perhaps a complete absence of thalamocortical projections to these areas. The cause for the large reduction in the LP nucleus is less easily explained, since corticothalamic projections from areas 4 and 6 are relatively minor, as are the reciprocal projections, if any exist 111, 121. 'The LP nucleus projects primarily to the dorsal and medial parietal cortex, area 5 of Brodmann. This relationship may be responsible for the substantial reduction of metabolic activity in the kP nucleus because of alterations of neuronal activity in area 5 owing to decreased corticocortical activity from the ablated cortex. A similar argument can be made for the pulvinar, which receives only a small projection from agranular cortex. The effects of the ablation on lCMRGlc in the brainstem nuclei and cerebellum fell into two groups: (1) those with significant asymmetries and (2) those with symmetrically altered ICMRGlc. In the first group were structures with significant asymmetries in ICMRGlc at 1 week (flocculus and pontine nuclei); at 8 weeks (inferior olive); and at both 1 and 8 weeks (mesencephalic reticular formation). The cerebellar cortex should also be included in this last group. In the remaining brainstem structures there were no significant asymmetries at 1 or 8 weeks; however, there were clear bilateral reductions in most of these nuclei at 1 week, with slight to substantial bilateral recovery at 8 weeks. An exception was the vestibular complex, where metabolic rate was increased compared with control at both 1 and 8 weeks after the ablation. Many of the affected brainstem nuclei receive bilateral projections from the ablated cortex 117, 20-251, which is consistent with the finding of symmetrical changes in 1CMRGlc.
Phagocytic infiltration and gliosis following central nervous system ablations can contribute to changes in metabolic rates [25] [26] [27] [28] . In the monkey some phagocytic activity and ghosis occur at 1 week after cerebral cortical ablation [I, 2). These processes enhance metabolic activity and thus tend to mask the reductions in lCMRGlc resulting from decreased synaptic activity. At 8 weeks, when there was some recovery of lCMRGlc, gliosis would tend to contribute to these increases in metabolic rate. This factor presents a problem for the interpretation of the increases in lCMRGlc within structures such as the VA, VLA, VP, and CM nuclei. In structures such as the MD and LP nuclei and the pulvinar there was little or no infiltration or gliosis at 1 week or 8 weeks. Thus, gliosis is not likely to have been involved in the recovery of lCMRGlc in these structures.
Despite a marked reduction of metabolic activity in many first-order and second-order projection sites, the affected synaptic beds were very active after the ablation. Chronic single unit recordings from the neostriatum in awake monkeys with ablation of areas 4 and 6 of Brodmann over the 8-week interval from the time of the ablation revealed an increase in discharge rate and a striking change in the pattern of activity in comparison with unlesioned animals 1291. In the globus pallidus, a second-order site, neuronal activity was preserved, although overall firing rate was somewhat decreased 1301.
The effects of cortical ablation in the monkey are relevant to the clinical effects of injury to the cerebral cortex in the human. Initially decreased, metabolic activity recovers with time, in parallel with a definite but limited functional recovery of limb movement. Some of the changes in metabolic activity may be related to clinical recovery. The changes in brainstem activity, particularly within the vestibular nuclei, may represent compensatory processes involved in the restoration of postural reflexes. 
